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e Aqueous-based ink formulations were
presented.

e TizCoT, current collector adopted for
the first time in an inkjet printed full
cell.

e LTO/LFP cell with Ti3C,T, was tested
under bending with no performances
losses.

e Ti3C,Ty proved an improvement of the
gravimetric energy density of 21%
compared.
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ABSTRACT

The Internet of Things (IoT) market is a quickly growing field that has great economic potential and attracts interest
from researchers. Progress in this field relies on the ability to integrate smart devices with everyday objects and
instruments. Therefore, energy storage plays a critical role in powering these devices. In this context, inkjet printing
of batteries can be framed as a potentially innovative fabrication technique that combines the benefits of thin-film
technology for lightness, mechanical flexibility, and ease of integration. The main bottleneck to obtaining a full
inkjet-printed battery is printing the current collector (CC), whose role is to electrically bridge the electrodes to an
external circuit and mechanically support the electrodes. A simple ink formulation based on hydrophilic and elec-
tronically conductive Ti3CoT,, MXene has been proposed for printing current collectors in this work. We have
analyzed substrate compatibility and the necessity of the adopted device configurations. Also, a fully printed battery
with good flexibility has been produced and showed no performance degradation upon bending. The results of this
study show that TizCoT, MXene is a promising candidate for flexible printed current collectors. However, an
improvement in the electrochemical performance, in particular the areal capacity of the device, is still necessary for
practical use. This may be achieved by minimizing the spacing between the electrodes using a printer with a higher
resolution.
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P. Viviani et al.
1. Introduction

The rise of flexible/wearable electronics requires the integration of
flexible energy storage devices to power smart devices that can collect
and communicate data independently [1,2]. One of the major limita-
tions of conventional batteries is their rigidity and poor ability to adapt
to complex surfaces. These batteries have restricted form factors and
inadequate mechanical flexibility for integration into devices [3-6]. In
this context, the printing of batteries is a potentially innovative fabri-
cation technique able to combine the benefits of thin-film technology,
when considering the lightness, mechanical flexibility, easiness of
integration, and additive manufacturing, in terms of low-cost produc-
tion, scalability, versatility, and reproducibility [7,8].

Among the additive manufacturing technologies, inkjet printing
represents a cost-effective, contactless droplet-based deposition tech-
nique [9,10]. However, the main bottleneck to obtaining a full
inkjet-printed battery is printing the current collector (CC), whose role is
to mechanically support and electrically bridge the electrodes to an
external circuit [11]. CCs need to meet specific requirements in terms of
a) electrochemical stability toward undesired redox reactions inside the
potential window during charge/discharge processes, b) high electrical
conductivity, as electrons generated need to be readily transferred to the
external circuit, c) low density, because CCs are passive components and
they do not participate in charge storage, d) mechanical integrity, as CCs
also provide mechanical support to electrodes, in particular when they
undergo volumetric expansion during cycling or deformation during
use, and good electrode adhesion is required [12-14]. This last aspect is
particularly significant when considering flexible cells.

Layered and planar (interdigitated) battery designs are both com-
mon, but very different [15]. The layered configuration involves the
electrodes on different planes and the electrolyte sandwiched between
the electrodes, optimizing the ionic diffusion path and electro-
de/electrolyte interfaces. However, this configuration doesn’t favor
mechanical flexibility. The planar configuration, instead, involves the
two electrodes placed in the same plane and the electrolyte placed on
top of the two surfaces. With this design, minimizing the distance be-
tween the electrodes becomes the main issue [16]. At the same time, this
design represents an optimal configuration to best accommodate me-
chanical deformations, sensibly reducing the risks of short-circuits
during deformations.

The most common CCs for lithium-ion batteries are aluminum,
copper, stainless steel, and nickel [17]. Also, silver and gold are used,
but not in large-volume industrial applications as they are expensive
[18-20]. When dealing with inkjet printing of metallic nanoparticles,
oxidation risk, and stability issues arise. Metal nanoparticles also require
high sintering temperatures after printing, which are incompatible with
the majority of flexible substrates. However, successful inkjet printing of
metallic nanoparticles on flexible substrates has been demonstrated in a
few cases [21-25]. In particular, Gu et al. obtained a nickel current
collector through a reactive inkjet printing [26]. A cost-effective and
easier option could be carbon-based CCs [27-32], but the lower con-
ductivity compared to metal nanoparticles makes them inadequate for
this application. Recently, an emerging class of 2D materials, MXenes,
attracted attention because of their electrical, optical, and electro-
chemical properties. MXenes are transition metals carbides and/or ni-
trides, with general formula M,,,1X,Ty, where M stands for a transition
metal, X is either carbon and/or nitrogen (oxygen substitution is
possible) and T, represents surface terminations [33]. This work is
focused on Ti3CyT, MXene, which is known for its high electrical con-
ductivity (>20,000 S ecm 1), which makes it ideal for CC applications
[34-36]. Moreover, the -OH and = O dominated surface terminations,
Ty, make MXenes hydrophilic [37]. This is particularly convenient when
dealing with inkjet printing, because of the easy and safe processing of
aqueous inks [37,38]. In this context, Gogotsi et al. proved the feasibility
of adopting Ti3C2Tx MXene as a current collector [40].

This work aims to develop TizCyTy-based inks for printed CC for an
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inkjet-printed lithium-ion battery with lithium titanate (Li4TisO12, LTO)
and lithium iron phosphate (LiFePO4, LFP) electrodes. Different inks
were tested from a rheological and dimensional point of view. TigCoTy-
based films were printed, and their electrical conductivity was studied,
also under bending. Electrochemical characterizations involved testing
TigCyTx-based electrodes for electrochemical stability within the oper-
ating potentials window and electrochemical performance of the full
batteries in the coin-cell and planar configurations.

2. Materials and experimental
2.1. TisCyTy MXene synthesis

Ti3CyoT, MXene was synthesized through the mixed-acid method
[34]. 1 g of Ti3AlC; MAX phase was added to an etchant solution,
composed of 2 mL of HF, 6 mL of distilled HyO, and 12 mL of HCl. The
solution was left under stirring at 300 rpm for 24 h and at 35 °C. The
obtained multilayer Ti3C,T, was washed and centrifuged at 3500 rpm
for 5 min until a pH of 5-6 was obtained. After washing, a delamination
step was performed to obtain single-layer Ti3CoTy. 1 g of LiCl and 100
mL of distilled H,O were added to the neutralized multilayer TizCoTy.
The solution was left under stirring at 300 rpm for 24 h at 35 °C. The
solution was then centrifuged at 3500 rpm for 5 min, discarding the
clear supernatant and redispersing the deposit in distilled water.
Centrifuge cycles at 3500 rpm for 45 min were repeated, each time
collecting the dark supernatant that consisted of delaminated
single-layer Ti3CyTy flakes.

2.2. Inks preparation

LTO and LFP-based electrodes were prepared according to Ref. [41],
using multiwalled carbon nanotubes (MWCNT) as the conductive ad-
ditive. These materials were used as purchased. Ti3CyTy ink was ob-
tained by mixing 1.6 g of TizC,T, MXene and 50 mg of sodium ascorbate
in 50 mL of deionized water. The mix was ultrasonically bathed for 30
min and then probe-sonicated for 15 min at 130 W (1.5 on, 1.5 off). Once
everything was well dispersed, 0.03 g of lithium dodecyl sulfate (LDS)
was added, and the solution was centrifuged for 10 min at 1500 rpm to
remove any possible unetched residue or undesired phases.

2.3. Preparation of thin-film electrodes and devices

Coin cell configuration. All inks were transferred to properly cleaned
HP45 cartridges and then inkjet printed using a flat-bed Breva thermal
inkjet printer on a stainless-steel disc where a 1 mM polyethyleneimine
(PEI) in ethanol was previously sprayed. The cartridge had an integrated
printhead with 300 nozzles whose diameter was ~30 pm. Printer pa-
rameters were set to 11.5 V as pulse voltage and 2.2 ps as pulse duration.
The printing process was repeated according to the needed electrode
thickness.

Device configuration. Devices were obtained by printing an interdig-
itated pattern (area ~2 cmz), first printing the current collector, i.e.,
Ti3CyTy, on a polyethylene terephthalate (PET) substrate, where a thin
film of PEI solution was sprayed. Then the LTO and LFP-based inks were
printed separately, for the anodic and cathodic sites, respectively.
Interelectrode distance was set to 500 pm and 800 pm. Printed elec-
trodes/devices were then dried in an oven overnight before any char-
acterization. In particular, the devices were placed in a 3D printed
Polypropylene (PP) cell for the electrochemical characterization,
necessary to contain the 2 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in propylene carbonate (PC) electrolyte. The 3D printed cell
featured bumps with different bend radii, from 0° (flat condition) to 15°,
30° and 45°. 3D-printed caps were used to press the separator on the
device.
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2.4. Characterization

2.4.1. Ti3CyTy characterization

Imaging of Ti3CeT, MXene flakes was performed using a Zeiss Supra
50VP SEM. X-ray diffraction patterns were collected using a Rigaku
SmartLab diffractometer with a Cu K, source. MAX phase samples were
scanned from 3 to 90° 20, while MXene samples were scanned from 3 to
70° 26. A current of 15 mA and a voltage of 40 kV were used with a step
size of 0.02° 20 and a duration time of 0.4 s. Optical properties analysis
was conducted using an Evolution 201 UV-vis spectrophotometer
(Thermo Scientific) with a 10 mm optical path length quartz cuvette.
Spectra were collected from 200 to 1000 nm.

2.4.2. Inks characterization

Rheological properties were measured using an Antoon Paar
rheometer (MCR-302) with a plane-plane geometry, with a gap of 0.2
mm and a material volume of 110 pl. A sample pre-shearing (at 1000 s
for 45 s) was performed to ensure that all samples had the same me-
chanical history. Viscosity was measured as a function of the shear rate
from 0.1 to 10000 s~!. Data are shown starting from 10 s 1. Surface
tension measurement was performed by pendant drop technique and
drop shape analysis fitted through Opendrop software. Zeta potential
and particle size distribution analyses were performed using a Zetasizer
(Malvern Instruments).

2.4.3. Printed electrodes/devices characterization

Electrical resistance values of the TigCyT,-printed patterns were
measured using a two-point probe, through a multimeter (TRMS
Fluke179), at a fixed distance. Images of printed Ti3CyT, ink on Kapton
substrate and spacing between electrodes were obtained through optical
microscopy using a Leica FTM200. The inkjet printed electrodes, i.e.,
LTO and LFP half-cells, were tested by assembling coin cells (CR2032)
using Li foil as counter and reference electrode, Celgard 2400 as a
separator, and 50 pl of 2 M LiTFSI in PC as electrolyte. Full LTO/LFP
cells were assembled balancing the N/P capacity ratio to 1.1:1. The N/P
ratio is defined by the following equation [42]:
N gnemng

2 IneTNe (€Y

P qpEMPE

where gng and gpg are the gravimetric capacities of the negative and
positive electrodes, and myg and mpg, are the negative and positive active
material loadings, respectively. Coin cells were assembled in a glove box
(MBraun) filled with argon gas (H20, Oz < 0.5 ppm). Cyclic voltam-
metry (CV) curves were recorded using Biologic (VMP3 potentiostat) in
a voltage window of 1-3 V vs Li*/Li for LTO, 2.8-4 V vs Li*/Li for LFP,
1-4 V vs Li/Li for Ti3CoTy and 1.25-2.5 V for LTO/LFP full cell using 1
mV s~ as scan rate. Galvanostatic charge-discharge curves (GCD)
curves were performed with a Neware cycle tester, in the same voltage
windows previously mentioned at 0.5 C-rate. Electrochemical imped-
ance spectroscopy (EIS) measurements were performed with Biologic in
the frequency range 5 MHz-0.1 Hz and 10 mV pulse amplitude. The
same sets of electrochemical experiments were performed on the device.
All measurements were conducted at room temperature.

3. Results & discussion
3.1. Ti3CyTy MXene synthesis

Fig. S1a shows the XRD patterns of the precursor Ti3AlC; MAX phase
and the corresponding single layer (SL)- Ti3CoT, MXene phase, while the
inset refers to a SL-Ti3CyTy free-standing film obtained through vacuum
filtration. The XRD pattern of the MAX phase was characterized by the
presence of all the typical crystallographic peaks, with no evidence of a
TiC secondary phase [43,44]. The position of the 002 peak is indicative
of successful etching and delamination, as a shift toward lower
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diffraction angles indicates an effective Al removal and introduction of
surface terminations, which induces an expansion of the d spacing, i.e.
substitution of Al with —-F and —-OH/ = O terminations [43]. The shift of
the 002 peak toward lower diffraction angles, i.e. 7.72°, compared to the
one of the MAX phase, i.e. 9.47°, confirmed a successful conversion to
single layer TigCyT, MXene, resulting from Al etching and intercalation
of Lit ions and water molecules [45]. This was confirmed by the fact that
the corresponding interlayer distance was 2.97 A for TizCyTy obtained
through the mixed acids method, respectively. The size of Li" ions is
approximately 0.9 A, while the one of water is around 2.8 A. This means
that additionally to Li* ions, that were used to delaminate, also (partial)
water molecules were intercalated. In addition, MAX phase XRD pre-
sented the characteristic set of high-order diffraction peaks located
around ~ 39°, which was completely absent in the XRD pattern of
Ti3CyTy. The latter is characterized by the presence of only (00I) peaks
when flakes are aligned in the plane [43]. A further investigation was
performed using UV-vis spectroscopy to confirm the conversion of MAX
to TigCqTy. Fig. S1b reports a series of UV-vis spectra of Ti3CoT, dis-
persions with varying concentrations. Very diluted (<« 0.5 mg L™}
aqueous dispersions of TigCoT, produced a characteristic greenish color,
that was used as a visual indicator of a good quality of the obtained
Ti3CaTy. UV-vis spectrum of the obtained Ti3CyT, diluted dispersion
evidenced the presence of the characteristic plasmonic peak located at ~
770-780 nm and the absence of the characteristic peak of Ti,CT, located
around 550 nm [46]. Since the intensity of absorbance of the UV-vis
peaks is proportional to the concentration of the solute, Lambert-Beer
law was adopted (2), which allowed us to generate a calibration
curve, where A is the absorbance, ¢ is the molar attenuation coefficient,
L is the optical path length and C is the concentration of the attenuating
species:

A=elC (2

Thus, by knowing the absorbance of the peak at 770 nm, it was
possible to derive the concentration of diluted Ti3C,T, dispersions. Ul-
timately, another important characteristic to evaluate was the single
flake dimensions, as size affects the electrical conductivity of the TizCaTy
film. Larger flakes better overlap, creating a better percolative conduc-
tive network. MXene lateral flake size was measured by coupling DLS
with SEM analysis. Fig. Slc reports the lateral flake size distribution
obtained by DLS, coupled with an SEM image of a single flake TigCyT,
MXene. Although direct microscopy measures are generally more com-
plex and time-consuming, DLS offers a faster way to derive the size
distribution. This involves, however, a methodological drawback when
considering the light scattering particles as spherical, which is not the
case for MXene flakes [43]. However, Maleski et al. [47] reported that
DLS results were comparable with SEM. DLS analysis showed that the
average size of as-synthetized flakes was around 1.3 pm, which was
confirmed by the SEM images of single flakes. In addition, SEM enabled
a qualitative analysis of the appearance of the flakes, which feature
well-defined edges, with no evident defective sites, that are considered
detrimental as they can favor pitting or oxidation onset. Ultimately,
colloidal stability was measured by the zeta potential analysis which
indicated a mean zeta potential of —44 mV, suggesting optimal disper-
sion stability. The morphology and elemental composition of TizAlCy
MAX phase and Ti3CoT, MXene were investigated through SEM analysis
coupled with EDS. Fig. S2a shows the SEM image of the raw TizAlCy
MAX. A wide distribution of particle size was visible, ranging from tens
of pm to a few pm. The corresponding EDS spectrum is reported in
Fig. S2d, where the Al peak is well evident. After etching and delami-
nation, TizsCyTx MXene was obtained. Figs. S2b—c shows the SEM images
of TizCoT, MXene powder and TizC,T, MXene flake stack, respectively.
During drying of Ti3CyTy, flakes spontaneously stacked one on top of
each other, creating a lamellar structure, where the 2D sheets were
clearly visible (Fig. S2c). As expected, the EDS spectrum of TigCyT,
MXene was characterized by a drastic decrease of the Al peak, as a result
of the etching. In addition, Cl and F terminations were introduced during
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the etching and delamination steps, as shown by the rise of the Cl and F
peaks in the EDS spectrum of TizCyT, MXene (Fig. S2e).

3.2. Inks rheology

Inkjet printing poses strict requirements in terms of ink viscosity,
surface tension, and particle dimensions. To ensure a clogging-free
jetting condition, ink viscosity should be lower than 15-20 cP accord-
ing to the specific printer, surface tension should be comprised between
25 and 50 mN m ™!, while particles dimensions should not exceed 1,/50
of the nozzle diameter (~31 pm).

Active materials (LTO/LFP). LTO ink formulation and characteriza-
tion following ref. [41], using MWCNTs as the conductive agent. The
same ink formulation and characterization procedure was adopted to
produce the LFP-based ink. The rheological and physical properties are
reported in Table 1. Flow curves of both active materials inks are re-
ported in Fig. 1a. A Newtonian-like fluid behavior was obtained also for
the LFP-based ink, as well as similar values of surface tension, density,
mean zeta potential, and particle size values were obtained.

TizCoTyx MXene. TizCyTy is characterized by outstanding hydrophi-
licity, thus stable water-based Ti3CoT, dispersions can be obtained with
no particular effort, even by handshaking [48]. Despite different ink
preparation protocols that have been proposed in literature [39,49-51],
low-power probe sonication was adopted for producing a stable MXene
ink. Fig. 1a compares the flow curves of the active materials inks and the
one of TizCyTy. In particular, viscosity values were taken in the high
shear rate region, as here values are representative of the real viscosity
of the ink during the ejection phase when high shear rates are involved.

While active material inks were more in line with a Newtonian-like
behavior, Ti3CyT, ink was characterized by a shear-thinning behavior
[52], which was as well desirable as no increase of viscosity was regis-
tered in the area of interest. In particular, it has been shown in the
literature that it was possible to exfoliate multilayered TizCoT, particles
and at the same time reduce the flake size through high-power probe
sonication, which is particularly useful for printing applications where
dispersions with sub-pm particles are employed to limit nozzle clogging
during the ejection phase. However, the limitation of this approach is
the excessive electrical degradation of MXene flakes, because of a sub-
stantial flake size reduction [47]. So, we decided to adopt a low-power
liquid phase exfoliation to avoid this issue and select the optimal lateral
flake size. Fig. 1b shows DLS curves associated with different probe
sonication times. As-synthetized Ti3CyT, flakes were too large to be
printed without probe sonication. In other words, the obtained size
distribution was not compatible with inkjet printing, as 1.2 pm flakes
would clog the nozzles. It was evident the disruptive effect as the soni-
cation time increased: 3 min of impulse were sufficient to obtain an
average flake dimension of about 600 nm, which was the largest flake
size that could be printed in a clogging-free condition. The difficulty was
to find a good trade-off between two opposite conditions: MXenes flakes
should be as large as possible to ensure the highest electrical conduc-
tivity, but at the same time as small as possible to ensure a smooth
printing step, without nozzle clogging. DLS analysis was then coupled
with SEM technique to confirm the obtained results. The advantage of
DLS is in general the possibility to measure particle size directly in the
colloidal dispersion, avoiding the drying step, which, is necessary in
direct microscopy techniques, such as SEM, that can alter the
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measurements because of agglomeration. However, the limitation of
DLS is related to the assumption that particles in suspension are spher-
ical, which is not the case for TizCyTy flakes. However, Lotya et al. [53]
found a good empirical correlation between the hydrodynamic radius, a,
and the average 2D lateral flake size, < L > through the empirical
equation:

< L>=(0.07 £0.03)a!!3 =019 3)

Fig. 1c shows the effect of probe sonication time on the final flake
size, coupled with SEM images, which confirmed both the effect of probe
sonication in decreasing the MXene flake size and the good correlation
between DLS and SEM results. In addition, flakes showed well-defined
edges, with no noticeable defects introduced by mild sonication.
Fig. 1d shows the surface tension of the inks compared to pure water.
The surface tension of all inks had to be adjusted through the addition of
a surfactant, as the surface tension of pure water (~ 70 mN m’l), is too
high for inkjet printing. This was adjusted by adding 1.5 mM LDS, after
which the surface tension value dropped to 35.7 mN m !, becoming
compatible with the printing requirements. In addition to LDS, sodium
ascorbate was added to the Ti3CyT, formulation to prolong the ink’s
lifetime. Prolonged storage of Ti3CyT, in water solutions is detrimental
for Ti3CyT, properties as MXene oxidation by dissolved oxygen in water
may lead to TiO; formation [54]. Reducing agents, i.e., sodium ascor-
bate and ascorbic acid, in low concentrations, improve the shelf-like of
aqueous MXene dispersions, as they mask the flake edges, so where the
most reactive sites are present. The drop formation behavior is generally
described by the inverse of the Ohnesorge number ©OhH = (ydp)l/ 2/;7,
where y is the ink surface tension, d is the nozzle diameter, p is the ink
density and 7 is the ink viscosity. For a stable drop formation, Oh™! is
expected to be between 1 and 10. However, if satellite drops can
recombine with the main drop before hitting the substrate, higher values
of Oh~! are acceptable. TigCyT,y ink Oh~! value was 11.47, thus slightly
outside the optimal range individuated by Derby and Reis. The Oh-Re
printability diagram was constructed for the Ti3CyT, ink (Fig. 1le).
However, similar results to the LTO Oh-Re diagram were obtained, since
Oh values were slightly higher. Also, in this case, the optimal printing
voltage was 11 V, as it was the one providing the optimal drop speed.
Ultimately, mean zeta potential ({) was evaluated, as it represents an
indicator of colloidal dispersion stability. If { is greater than +30 mV,
the colloidal dispersion is defined as stable. Based on this, good stability
was found for LTO, LFP, and Ti3CsTy ink formulations (Table 1).

3.3. Substrate preparation & printed pattern characterization

Flexible batteries require a flexible substrate. Different approaches
can be used in terms of substrate choice. However, a common denomi-
nator among all is substrate preparation, as it highly affects the final
printing quality in terms of adhesion and resolution. For this specific
application, we decided to adopt Mylar and Kapton substrates. Being
hydrophobic materials, a surface pre-treatment was fundamental to
obtain optimal ink wetting, which was crucial to favor a homogeneous
material redistribution and drying. Substrate pre-treatment involved the
application of corona treatment for 1 min, followed by spraying of 1%
wt. polyethyleneimine (PEI) solution in ethanol. The thin PEI layer
served as an adhesion layer for Ti3C,T,, as PEI is positively charged and
Ti3CyTy is negatively charged in aqueous solutions (zeta potential of

Table 1
Viscosity, surface tension, density, Oh’l, and zeta potential values of Ti3C,T,, LFP, and LTO inks.
Viscosity (cP) Surface tension (mN m™') Density (kg m ) on! ¢ (mV)
TizCoTy 2.58 49.3 1030 13.47 -37.3
LFP 2.71 40.94 1040 12.92 —-36.4
LTO 2.82 40.41 1040 12.34 —-39.6
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Fig. 1. Flow curves of LTO (blue triangles), LFP (red circles) and TizCoT, (black squares) inks (a), Particle size distribution profiles of Ti3C,T, inks, not sonicated
(solid), 3 min (dashed) and 5 min sonication (dotted) (b), flake size as a function of sonication times coupled with SEM images of Ti3C,T, single flakes (c), surface
tension values of pure water, LTO/LFP and MX inks and relative pendant drop images (d) and Oh-Re printability diagram of Ti3C,T, ink upon voltage variation (e).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

—37 mV), thus an electrostatic interaction was built. In addition, PEI
was used to favor a good wettability of the aqueous-based ink on plastic-
based substrate. Fig. S3 a-b shows the difference between a non-treated
and a PEI-treated surface, respectively, after printing TigCyTy ink. PEI
activation was crucial to obtain optimal ink wetting and continuous and
homogeneous printed layers, which affected the final conductivity,
which will be considered in the next paragraph. Static water contact
angle (WCA) was used to evaluate the best surface activation and ink-
wetting conditions. Fig. S3 c-e refers to WCA on non-treated Mylar
and Kapton substrates of 73° and 88°, respectively, indicating a hydro-
phobic behavior of the substrate, which didn’t allow a good wetting of
the particle. These values decreased to ~ 22-24° after treating the

substrate with PEI, demonstrating an improved wettability of the sub-
strate. Fig. S3 d-f reports the decreased WCA on PEI-treated PET and
Kapton substrates, respectively. However, it is important to underline
that a WCA < 10° was undesired, as this corresponded to a complete
broadening of the drop due to excessive hydrophilicity of the substrate,
risking the low quality of the final printing resolution as drop shape
retention cannot be achieved. A patterned planar design was adopted to
produce the battery device. Good electrode adhesion to the substrate
was crucial to have a good performing cell with flexibility properties
[12-14]. The device model is reported in Fig. 2a. The device was
characterized by a varying number of printed layers of Ti3CyT, CC,
which was the layer printed directly in contact with the substrate, and of
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Fig. 2. Device planar electrode model, showing the MXene current collector, LTO printed on the negative site and LFP printed on the positive site (a), printed planar
device on PET substrate, with different interelectrode distance: 500 pm (left) and 800 pum (right) (b) and printhead height effect on the obtainment of the theoretical

interelectrode distance (c).

LTO and LFP electrodes, printed on the respective negative and positive
sites. The electrolyte was placed on top. Two examples of cells were
reported with distances (gaps) between interdigitated electrodes of 500
pm and 800 pm (Fig. 2b). In this case, the interelectrode distance was a
key parameter, as a lower distance favors lower internal resistances
because of a shorter Li" ions diffusion path. However, the possibility to
reduce such distance was determined by the printer resolution. We
found that the shortest interelectrode distance that was possible to print
without causing a short circuit was 500 pm, which was very high,
especially if compared to the separator thickness (less than 25 pm)
typically employed in coin cells. Ultimately, we observed that pattern
resolution depended on the printhead height: a target electrode distance
was set to 500 pm. Fig. 2¢ highlights the importance of the printhead
height with respect to the substrate during printing on the final printing
resolution. Printhead height needed to be accurately chosen, as a higher
distance caused the deviation of the drop from the ideal perpendicular
path from the printhead to the substrate, thus lowering the resolution.
Indeed, using a higher printhead height (3 mm), a smaller distance be-
tween the electrodes and less defined edges were obtained.
Non-controlled electrode distance was not desired as short circuits were
likely to happen due to electrode bridging because of mispositioned
drops.

3.4. Electrical characterization of TizC2Ty printed patterns

Three free-standing films of as-synthetized Ti3C,T, were vacuum-
filtered with different thickness, which was measured through a
micrometer and SEM cross-sections. Fig. S4a reports three free-standing
films coupled with their respecting SEM cross-sections. Conductivity
values of different free-standing films were obtained after measuring the
sheet resistance (R;) with a four-point probe in five different points that
are reported in Fig. S4a. Conductivity ¢ was calculated through the
equation:

Table 2

o= 4

1 1
P Ri
where p is the resistivity and t is the film thickness. The obtained con-
ductivities were in the range of 8-9 kS em ™}, as seen in Fig. S4b, which
was associated with flakes in the order of 1-1.2 uym. However, IJP of
flakes in the order of pm would likely cause nozzle clogging. Thus, two
other free-standing films were vacuum filtered from Ti3C,T, suspensions
characterized by different flakes size, i.e., 600 and 350 nm, and again
the respective conductivities were measured and compared with the one
obtained from as-synthetized Ti3CyT, flakes suspensions. Table 2 com-
pares how the conductivity changed upon lateral flakes dimension. As
expected, the resistivity dropped from ~8 kS cm™! to ~3700 S cm™!
when lowering flake dimensions to 350 nm. For this reason, TizCaTy
suspension with lateral flake size of 600 nm was chosen as the one for
LJP of the current collector, as it represented a good trade-off between
the two opposite previously mentioned conditions.

The inset in Fig. 3a shows Ti3CyTy stripes of 6 cm where the width
and number of printed layers were varied. The effect of width as well as
the number of printed layers variation on the linear resistance of TizCoTy
stripes was investigated using a two-probe multimeter. Fig. 3a shows the
obtained results relative to the liner resistance (R;) variation by varying
the number of printed layers and stripes width. As expected, resistance
values decreased by increasing the number of printed layers, as a better
percolative conducting path was obtained among TizCyT, flakes. In
addition, resistance values decreased by increasing the stripe lateral
width, by the inverse proportionality of resistance with stripe width
given by equation:

P

Ro=——
TwL

()
where p is the material resistivity, L is the stripe length and W is the
stripe width. In particular, for 20 printed layers, Ry, values were 110.9 Q
cm ! for a 1 mm wide stripe, 42.3 @ cm™! for a 3 mm wide stripe, and

Sheet resistance, thickness, and conductivity of Ti3C,T, free-standing films characterized by different flake dimensions.

Sheet resistance (Q cm)

Thickness (pm) Conductivity (S em ™)

TizCoTy — 350 nm
TizCyTy — 600 nm
TizCoTy — 1.2 pm

0.562 + 0.0032
0.353 + 0.0045
0.185 + 0.007

4.7 £ 0.3 3786.47
4.9 +0.3 5882.21
5.4+0.2 8752.65
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Fig. 3. Linear resistance variation as a function of the number of printed layers and stripe width, inset shows an optical image of Ti3C,T, printed stripes (20L) on PET
varying width, i.e., 5 mm, 3 mm and 1 mm (a) and electrical resistance retention of Ti3C,T, printed stripe (20L) upon cycling between flat (B = 0%) and bent (B =

50%) conditions (b).

25.4 Q cm ™~ for a 5 mm wide stripe. In addition, the flexibility of the as-
printed MXene layers was evaluated, by considering the effect of the
bending ratio (B%), which is defined as:

Lo—L
Ly

B (%)= ®
where Ly is the stripe length under flat conditions and L is the distance
between the stripe’s edges once bent at a certain degree angle. Electrical
resistance was monitored in flat (B = 0%) conditions and at a bending
ratio of 50%, corresponding to a stripe bending of 90°, using a custom-
built apparatus equipped with a step motor rotating at 15 rpm. Fig. 3b
shows the variation of the linear resistance normalized over the one in
flat conditions (R/Rp) upon cycling of a 5 mm wide Ti3CyT, printed
stripe (20L), where one cycle corresponded to stripe bending from 0%
(inset on the left) to 50% (inset on the right) back to the flat condition.
The obtained mean value of R/R( over 100 cycles was 0.97 + 0.06, very
close to 1, which corresponded to the optimal condition where no
resistance variation compared to the one in flat conditions was observed.
Interestingly, no evident resistance increase was observed at B = 50%,
demonstrating negligible electrical degradation and good conductivity
retention upon bending conditions. This aspect posed good premises, as
Ti3CaTy-based CC demonstrated good flexibility properties. Fig. 4 shows
SEM images of 20L Ti3CyTy printed lines in flat (4a, 4c) and after
bending (4b, 4d). SEM images revealed well-defined edges, with no
evident print mistakes, such as satellite drops, and the absence of severe
cracks evidence even after bending. EDS spectra (Fig. 4e and f) showed a
uniform distribution of Ti along the print with no evident agglomera-
tions and depleted areas, demonstrating a final good print quality.

3.5. Electrochemical characterization of TigCoTy printed current
collectors

CC must meet the precise requirements that were mentioned in the
introduction. The electrical properties of Ti3C,Ty printed patterns were
investigated in the previous paragraph. Electrochemical characteriza-
tion was performed at coin and device levels, to understand whether an
inkjet-printed Ti3CyTy-based current collector could represent a valid
alternative to more traditional CCs, especially when considering
patterned battery devices. The electrochemical performance of as-
printed Ti3CyTy electrodes was tested, to assess whether a competitive
redox reaction is occurring inside the operating potential window. A
varying number of Ti3CoT, layers, i.e. 10, 20, and 35 layers, were
printed on stainless steel separators and tested versus lithium as counter
and reference electrode in coin configuration. Fig. 5a shows cyclic vol-
tammograms of Ti3CyT,-based electrodes with 10, 20, and 35 printed
layers. CVs were performed and compared at 1 mV s using 2 M LiTFSI
in PC as an electrolyte in the electrochemical voltage window of interest.
Results have shown that the current response was rather low and slightly

increasing with Ti3CoTy content in the electrode, demonstrating a
desired redox inactivity of Ti3CoTy in the voltage window of interest,
which was regarded as a key CC property. 20 layers of LTO were then
printed on three Ti3CyTy-based current collectors with different thick-
nesses and on a more traditional copper current collector. Fig. 5b shows
the respective GCD curves obtained at 0.5 C-rate. LTO electrochemical
performances were not altered when adopting a Ti3CaT,-based current
collector compared to a copper current collector, i.e., gravimetric ca-
pacity values were 171.3 mAh g~! and 173.8 mAh g™, respectively,
with a slight decrease in the gravimetric capacity when decreasing the
number of printed TizCyTy layers. These results suggested a beneficial
effect of using a TigCyTy-based CC. We have derived the gravimetric
energy density (GED) for the four coins according to equation (7),
considering that only the mass of the current collector was varying:

GED (Whkg™) :V?C

7
where V is the cell voltage, C is the cell capacity and m is the “battery”
mass. However, there is no agreement on how GED values should be
reported in the energy storage community, as different levels of focus, i.
e. material, electrode, and device level, can be considered [55]. Thus,
according to the considered level, different components’ mass can be
considered in the GED calculation, so that comparison among different
materials becomes challenging. Firstly, in the calculation of this work,
the mass of the package was not considered since it strictly depends on
the final application and a plausible approximation of the mass is hard to
do. Thus, the denominator m in equation (7) was calculated considering
the mass of both the electrodes, the current collector, the electrolyte,
and the separator. Practically, only the current collector weight was
varying among the four considered coins.

By decreasing the overall battery weight, it was possible to improve
the coin GED. Generally, decreasing the weight of battery inactive parts
is beneficial, i.e., current collector or separator, as they are not
contributing to the battery capacity. On the contrary, decreasing the
weight of active components, i.e., electrode’s active materials, and
electrolyte, may have a detrimental effect on the GED as the capacity
may be affected. Fig. 5¢ compares the calculated GED for four coins
where only the CC was varied. Results have shown that the GED asso-
ciated with the coin where the thinnest TizCyT, was adopted was
increased by 21% compared to one where copper was used as CC. This
was mainly attributed to sensibly lower TigCyT, density compared to
copper one, i.e., 3 g cm 3 vs9 g em3, respectively, combined to lower
Ti3CyTy thicknesses achieved with IJP. This aspect satisfied a further
requirement of current collectors in terms of low density. Fig. 5d may
help visualize the respective percentage that each battery component
has on the overall battery weight. Again, Cu CC covered about 11% of
the overall considered components mass, while the 1.7 pm TizCyT, CC
covered about 1%.
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Ch1 MAG: 150x HV:20kV WD: 8,3 mm

Fig. 4. SEM images of flat 20L printed Ti3C,T, at 100 X (a) and 10K X (c) and of bent 20L printed Ti3C,T, at 100 X (b) and 10K X (d). EDS spectra of Ti signal flat 20L

printed TizCyT, (e) and of bent 20L printed TizCoTy (f).

3.6. Half and full cell electrochemical characterization — coin level

The Ti3CoTy-20L electrode was adopted as a current collector for an
LTO/LFP full cell, where LTO was chosen as the anodic electrode and
LFP as the cathodic one. In particular, LTO is a promising anodic ma-
terial, as it undergoes almost null deformation during the intercalation/
deintercalation processes, which improves the material shelf life, and its
electroactivity is at voltages > 1V vs Li*/Li, preventing anode passiv-
ation and electrolyte decompositions. LFP, instead, is known because of
its thermal and structural stability and high-rate performances. Elec-
trochemical characterization of the LFP half-cell was performed and
coupled with the one of LTO, presented in the previous chapter. Fig. S5a
compared the CV of 20 layers Ti3CyTy electrode, CVs of printed LTO and
LFP on 20 layers Ti3CyTy electrodes ions in the host material, i.e. 1.43 V
and 1.71 V of LTO half-cell, and 3.1 V and 3.77 V of LFP half-cell,
respectively. Likewise, the full LTO/LFP cell showed reversible redox

peaks at 1.7 V and 2.02 V, which are typically associated with reaction
(8).

Li,TisOp, +Li,_,FePO, < Li, ,TisOy, + LiFePO, (8)

Lastly, the Ti3CyT,-20L electrode showed a relatively low current
response in the electrochemical window, indicating the electrochemical
stability of TigCyTy as CC in the voltage window of interest. However, a
slight increase in current response was observed at lower voltages, more
specifically in the potential window of LTO. This aspect didn’t affect the
LTO capacity, as in this case, no evident contact between electrolyte and
Ti3CaT, was present. In this context, the MXene layers work only as
electrochemically inert current collectors. To understand the electro-
chemical performance in terms of storage capacity, galvanic charge-
discharge (GCD) curves were obtained at 0.5 C. Fig. S5b displays the
potential profiles as a function of the gravimetric capacity of the LTO/Li
and LFP/Li half cells and the LTO/LFP full cell. LTO/Li and LFP/Li half
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cells showed characteristic plateaus around 1.5 V and 3.5 V vs Li*/Li,
respectively. In particular, the LTO electrode was characterized by a
specific capacity of 158 mAh g1 with a Coulombic efficiency of 99%,
while the LFP half-cell was characterized by a specific capacity of about
150 mAh g~ ! with a Coulombic efficiency of 96%. As expected, the full-
cell LTO/LFP voltage characteristics were found in between those of
LTO/Li and LFP/Li, with characteristic plateau found around 1.8-1.9 V
corresponding to a specific capacity of 113.1 mAh g~! for the charge
process and 110.3 mAh g ! for the discharge process at 0.5 C. GCD tests
were performed on the LTO/LFP full cell at different C-rate. Results are
shown in Fig. S5c. In particular, the full cell showed a gravimetric ca-
pacity of 115 mAh g~ at 0.2 C, 95 mAh g~ at 0.5 C, and 87 mAh g ! at
1 C. After cycling at 1 C, the capacity value matched the initial one at
0.2 C, indicating good cyclability of the cell, while the average
Coulombic efficiency was around 96%.

3.7. Full cell electrochemical characterization — device level

Full cell LTO/LFP characterization was then performed at the device
level. The device was mounted on a 3D-printed polypropylene cell. Four
cells were printed, featuring different bending radii, i.e., 0°, 15°, 30°,
and 45°, to test different degrees of device flexibility. Fig. S6 shows the
CAD designs of the bottom side of the 3D printed cell featuring bumps
with different bending radii, i.e., 15° (Fig. S6a), 30° (Fig. S6b), and 45°
(Fig. S6¢). Fig. S7 shows the device assembly process in the 3D printed
cell with a bending ratio of 0° (flat condition). The device was placed on
the bottom side of the cell on top of a gasket and copper contacts were

connected (a), a separator was placed on top of the device (b), and a
second gasket was placed (c) before closing the cell with the upper side
(d). Ultimately, the cell was sealed with screws and an electrolyte was
added to the device (e). Copper contacts were electrically connected to
the Ti3CyTy current collector, and the electrolyte was contained in the
gap facing the device. The electrolyte used was a 2 M lithium bis(tri-
fluoromethanesulfonyl)imide solution in propylene carbonate and 1.5
ml of the solution was sufficient to fully cover the whole device surface.
Moreover, capacity balancing was a crucial aspect to consider, to extract
the full capacity of the full cell and to improve safety and lifetime, and it
is usually evaluated considering the N/P ratio, defined by equation (1).
For LIBs, N/P is currently controlled between 1.03 and 1.2, thus with an
excess of lithium available in the anode with respect to that of the
cathode. A low N/P ratio can favor the reduction of the anode potential
<0 V vs Li*/Li, thus favoring lithium plating on the anode electrode
surface. Lithium plating, instead of intercalation, can occur under severe
conditions of charging, such as charging at high current density, due to
the sluggish Li" ions kinetic of the intercalation process, and must be
avoided as causes degradation of the cell. Specifically, the plating of
lithium generally leads to the growth of Li dendrites that can cause
short-circuits, which can result in reliability and safety issues of the

Table 3
Number of LTO and LFP printed layers corresponding to a specific N/P ratio.
N/P=1.5 N/P=1.2 N/P=1.1 N/P=1 N/P =0.8
LFP 25 25 30 30 35
LTO 40 35 35 30 25
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battery [56]. On the contrary, a too high N/P ratio may cause over-
charging of the cathode, which damages both the material crystallo-
graphic structure and causes oxidation of the organic electrolyte [57].
So, we investigated the effect of different N/P ratios, controlling the
number of printed layers. Table 3 reports the number of LTO and LFP
printed layers corresponding to a specific N/P ratio. Fig. 6a reports the
GCD test results in terms of gravimetric capacity upon current density
variation. Non-optimized N/P ratios, i.e., N/P = 1.6, N/P = 1, and N/P
= 0.8, were the ones providing the lowest gravimetric capacity, i.e. 3.12
mAh g%, 1.67 mAh g ! and 1.09 mAh g~ ! at a current density of 12.5
HA cm 2, respectively, as capacity balancing between the negative and
positive electrodes was not optimal and the capacity could not be fully
extracted. N/P = 1.2 was the one providing the highest gravimetric
capacity, i.e., 6.09 mAh g~! at a current density of 12.5 pA cm ™2, which
corresponded to 35 printed layers of LTO and 25 printed layers of LFP.
Consequently, the following electrochemical characterization was done
considering this combination of LTO and LFP printed layers, that were
alternatively printed on 20 layers of TizCyTy.

The electrochemical behavior of the battery device featuring
different degrees of bending was first evaluated through cyclic voltam-
metry (CV), as reported in Fig. 6b. All CVs were recorded at 1 mV st
scan rate, using 2 M LiTFSI in PC from 1.2 to 2.2 V vs Li"/Li. CVs
revealed the presence of two reversible redox peaks associated with the
highly reversible reaction of Li" ions intercalation/deintercalation in-
side the spinel and olivine structures of LTO and LFP, respectively. The
cathodic reduction peak was located at 1.74 V, while the anodic
oxidation peak was located at 1.98 V and was associated with the redox
reaction [7]. The electrochemical performance was not affected by the
bending of the device, i.e., peak intensity and position in terms of
voltage were not varied upon the bending degree. The difference be-
tween the potentials of the anodic and cathodic current peaks is defined
by:
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and can be interpreted as an indicator of possible polarization, that af-
fects the overall performance of the device. Since AEP variation between
the different degrees of bending was negligible, no detrimental effects
on the electrochemical behavior of the battery were evidenced upon
bending. Fig. 6¢ shows the results of GCD tests of the devices with
different degrees of bending, in terms of gravimetric capacity. Coher-
ently with the results obtained with CV, the gravimetric capacity was not
affected by different degrees of bending, demonstrating the flexibility of
the device. Moreover, despite the low gravimetric capacity, i.e. ~ 6 mAh
g}, the devices demonstrated a good rate capability even for a large
number of cycles. Ultimately, Fig. 6d shows the resulting Nyquist plots
of the devices with different bending degrees at the pristine state and
after being cycled for 100 cycles and the equivalent circuit used for the
fitting. In both, the pristine and cycled states, the charge transfer
resistance Ry was not affected by the increase of the bending angle,
confirming the good flexibility of the device. After 100 cycles, the charge
transfer resistance R, increased from a mean value of 144.79 Q at the
pristine state to a mean value of 225.2 Q, probably due to partial
delamination of the layers. Values of R; and R; obtained from the fitting
are reported in Table 4. From the morphological point of view, no
evident signs of cracking or damage were evidenced.

Ultimately, two devices were connected in series, to provide suffi-
cient voltage, i.e., power, to power a blue LED (V,, > 2.6 V). First, a CV
was performed to stabilize the system. Fig. 7a shows the sequence of
techniques to which the series system under 45° bending conditions was
subjected. The system was charged up to 3.9 V at 60 pA charging current
(charging phase, light green line), after which 10-15 min waited to let
the OCV adjust (OCV, dark green line). Once OCV was adjusted to a
constant value, the switch button was pushed and the blue LED was
powered on (discharging phase, blue line). Fig. 7b shows the series de-
vice under 45° bending conditions when the circuit was closed, i.e., blue
LED was on. Ultimately, an amperemeter was connected to measure the
current while discharging to calculate the areal power dispensed from
the device, i.e., ~ 0.35 mW cm’z, considering an area of 4 cmz, which is
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Fig. 6. Study of the optimal N/P ratio in terms of gravimetric capacity variation upon applied current density and N/P ratio (a), CVs of devices consisting of 35L of
LTO, 25L of LFP on 20L of Ti3C,T, with different bending degree, i.e. 0° (black), 15° (red), 30° (blue) and 45° (green), at 1 mV s? (b), the gravimetric capacity of
devices consisting of 35L of LTO, 25L of LFP on 20L of TizC,T, with different bending degree, i.e. 0° (black), 15° (red), 30° (blue) and 45° (green), applying a current
density of 12.5 pA cem 2 (¢) and Nyquist plots of the same devices with different bending degree, i.e. 0° (black), 15° (red), 30° (blue) and 45° (green), at the pristine
(full) and cycled state (blank), inset: equivalent circuit used for fitting (d). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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Table 4
R; and R, values obtained from fitting devices with different bending degrees in the pristine (P) and cycled (C) states, i.e., after being cycled for 100 cycles.
0° (P) 0° (C) 15° (P) 15° (Q) 30° (P) 30° (C) 45° (P) 45° (C)
Ry 94.35 154.9 92.27 150.2 94.4 155.3 93.85 153.1
Ry 137.31 226.64 146.21 221.12 152.19 228.61 143.45 224.46
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Fig. 7. The sequence of techniques at which the series system under 45° bending was subjected: charging (light green), OCV (dark green), and discharging (blue) (a)
and image of the series system under 45° bending conditions at the closed circuit (LED is ON) (b). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

only an order of magnitude lower compared to a typical value of the
areal power density of common electronic devices, i.e., 10'-10° mW
cm 2. Further improvement in the electrochemical performance, in
particular the areal capacity of the device, is still necessary for practical
use. This may be achieved by minimizing the spacing between the
electrodes using a printer with a higher resolution.

11

4. Conclusions

This work has demonstrated the possibility of adopting Ti3C,Ty as an
alternative current collector material to replace metals. In particular,
TizCoTy’s hydrophilicity made it an optimal material for water-based ink
for ink-jet printing, which does not require surfactants or stabilizing
additives. The printed Ti3CyTy current collectors were characterized in
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terms of their conductivity by varying the number of printed layers.
Their flexibility was tested under multiple bending cycles and no sig-
nificant change in the linear resistance was observed upon bending
between 0° and 90°. The printed Ti3CyT, current collectors were then
electrochemically characterized and showed no redox activity within

the

voltage window of interest, thus acting as passive elements. We have

demonstrated that the electrochemical performance of LTO was the
same with the printed Ti3CyTy and a traditional Cu current collector. An
increase of 21% in gravimetric energy density was achieved when using
Ti3CyTy instead of the Cu current collector, because of the lower density
and thickness of the former. We also demonstrated printing the entire
flexible battery. The electrochemical testing of a printed LTO/LFP cell
with Ti3CyT, current collectors showed that bending didn’t affect the
performance of the cell. This result was confirmed by using multiple
electrochemical techniques.
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